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We describe the involvement of poly(ADP-ribose)polymerase 1 and 2 (PARP-1 and -2) and poly(ADP-ribose)glycohydrolase (PARG) in the
response of rat germinal cells to the action of the NO donors, 3-morpholino-sydnonimine (SIN-1) and spermine nonoate (SNO). Primary
spermatocytes and round spermatids showed a differential sensitivity to DNA damage induced by acute exposure to SIN-1 and SNO.
Spermatocytes were able to repair DNA damage caused by the release of NO from SNO but neither spermatocytes nor spermatids could recover
from the release of NO and O2
S
from SIN-1. Addition of the PARPs inhibitor, 3-aminobenzamide, and the PARG inhibitor, gallotannin (GT), to
germ cell cultures impaired DNA repair significantly. Consistent with the DNA repair seen in primary spermatocytes, both SIN-1 and SNO
induced PARPs activation in these cells. In the case of SIN-1, there was an immediate but transient response while SNO induced a delayed but
more sustained increase in PARPs activity. Chronic exposure of spermatocytes to SIN-1 and SNO, however, committed the cells to apoptosis,
which coincided with proteolysis of PARP-1. The data indicate a dual role for PARPs and PARG in germinal cells as key proteins in processes
that sense and repair DNA damage as well as in the commitment to apoptosis following prolonged oxidative stress.
D 2004 Elsevier B.V. All rights reserved.Keywords: Poly(ADPR)polymerase 1 (PARP-1); Poly(ADPR)polymerase 2 (PARP-2); Poly(ADPR)glicohydrolase (PARG); NO donor; DNA repair;
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1. Introduction strand breakage and have a role in modulating cell survivalContinuously dividing cells are particularly susceptible
to DNA damage caused by genotoxic agents. Male germinal
cells, which proliferate throughout adult life, are especially
vulnerable since the defects may be transmitted to the next
generation [1]. Not surprisingly, therefore, spermatocytes
undergoing meiosis are characterised by high levels of
expression of DNA repair enzymes to prevent inheritable
mutations [2].
The aetiology of defective sperm function has been
closely associated with the action of reactive oxygen species
(ROS) [3]. Nitric oxide (NO) and reactive oxygen species
such as superoxides (O2
S
) are well known to initiate DNA0167-4889/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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O2
S
favours the production of the peroxynitrite anion
(ONOO

), which is one of the most potent oxidant radicals
that react with proteins, lipids and DNA [4]. Growing
evidence suggests a role for NO both as an inhibitor and
as an activator of apoptotic cell death depending on its
relative concentration and its accessibility to O2
S
[5–7].
Various targets for NO include proteins involved in DNA
repair [8,9] such as PARP-1 [10].
Activation of poly(ADP-ribose)polymerase 1 (PARP-1)
represents one of the immediate responses of eukaryotic cells
to DNA damage. PARP-1 detects and repairs DNA strand
breaks as well as suppresses transcription, thereby preventing
expression of damaged genes [11–13]. It exerts its effects
through poly(ADP-ribosyl)ating nuclear proteins (both his-
tone and non-histone proteins, nuclear enzymes, transcription
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substrate. The polyanion poly(ADP-ribose) (pADPR) may
extend up to 200 residues with a 3% branching frequency and
can modulate chromatin structure and activity of nuclear
enzymes [11,14]. PARP-1 knock-out mice showed increased
DNA instability, increased sister chromatid exchange, and
alteration in the DNA base excision repair (BER) process:
however, they appeared to be fertile and able to resist to
inflammatory injury [14,15]. The generation of PARP-1-
deficient mice by several laboratories was at the origin of
the discovery of new PARP enzymes. At least four PARPs
have been identified and are known as PARP-2 [16], PARP-3
[17], tankyrase [18] and vPARP, a component of the Vault
ribonucleoprotein complex [19]. PARP-2 was recently
reported to have a role in DNA base excision repair [20].
Catabolism of pADPR is mediated by poly(ADPR)glycohy-
drolase (PARG), which is recruited into the nucleus to ensure
rapid turnover of the polymer and to restore enzymatic
activity of automodified PARP-1 [21].
Low levels of DNA damage caused by ROS have been
shown to activate PARP-1 [10,22] while excessive DNA
damage leads to hyperactivation of the enzyme followed by
necrotic cell death due to energy failure [23]. Moreover,
PARP-1 [24], PARP 2 [25] and PARG [26] are subject to
cleavage by caspases 3 and 8, thereby avoiding futile
cycling of pADPR that would otherwise deplete the cell
of h-NAD+ required for the onset of apoptosis.
On this basis, it has been suggested that PARP-1 may
function as a detector of DNA damage to direct cells into
either a survival pathway or an apoptotic one [27]. This
hypothesis can be considered pertinent in the light of the
efficacy of PARP-1 inhibitors in animal model diseases in
which DNA damage is a common denominator [11,14].
Inhibitors of PARP-1 (e.g. 3-aminobenzamide (3-ABA))
have been widely used to elucidate the functional impor-
tance of the enzyme and, although of limited specificity,
they have provided data that are consistent with information
derived from PARP-1 knock-out mice [15]. Moreover, with
the discovery of other PARP enzymes which have a similar
catalytic activity (e.g. PARP-2), the results obtained from
inhibitor studies can be explained by the different isoforms.
Indeed, PARP-1 inhibitors are considered as drugs for cell
rescue therapy [28]. Inhibitors of PARG (e.g. gallotannin
(GT)) are also available and are of increasing importance in
light of the observation that PARP-1-mediated cell death
requires the concomitant action of PARG [29].
We previously reported that in rat germinal cells PARP-1
is required for repair of DNA damage caused by g-irradi-
ation and exposure to H2O2 [30]. In the present studies, we
describe the involvement of PARP-1, PARP 2 and PARG in
the responses of rat germinal cells (primary spermatocytes
and round spermatids) upon exposure to two genotoxic
agents, 3-morpholino-sydnonimine (SIN-1), which releases
both NO and O2
S
, and spermine nonoate (SNO), which is a
specific NO donor. The results confirm a role for PARPs and
PARG as checkpoint agents that are either activated topromote cell survival by virtue of their ability to repair
DNA, or inactivated to trigger apoptosis if DNA damage is
excessive.2. Materials and methods
2.1. Materials
[14C]NAD+ nicotinamide (U14C adenine dinucleotide
ammonium salt) (250 mCi/mmol) was supplied by Amer-
sham Italia S.r.l., Italy. a-MEM culture mediumwas obtained
from Gibco Life Technologies; 3-morpholino-sydnonimine
(SIN-1), streptomycin, penicillin, 3-aminobenzamide (3-
ABA) and gallotannin (GT) were from Sigma-Aldrich; sper-
mine nonoate (SNO) was from Calbiochem-Biologicals and
the cocktail of protease inhibitors from Roche-Biochemical.
Anti-PARP-1 rabbit polyclonal antibody (H-250) and goat
anti-rabbit IgG HRP-conjugate were purchased from Santa
Cruz Biotechnology; anti PARP-2 rabbit polyclonal antibody
was from Alexis Biochemicals. All other chemicals were of
the highest quality commercially available.
2.2. Purification and primary culture of rat testicular germ
cells
Testes were collected from 50-day-old Wistar rats and
populations of primary spermatocytes and round spermatids
purified by centrifugal elutriation as described by Quesada
et al. [31]. Purity was >80% as assayed by FACS analysis of
DNA content. After washing by centrifugation, cells were
suspended in a-MEM culture medium supplemented with
25 mM NaHCO3, 5% w/v fetal calf serum, 100 Ag/ml
streptomycin, 100 U/ml penicillin and plated at a concen-
tration of 2 106 cells/ml into 4-well Nuncon dishes. Cells
were cultured for 24–48 h at 32 jC in 5% CO2/air (control
sample). Cell viability was assessed by Trypan blue dye
exclusion.
2.3. Exposure of germinal cells to SIN-1 and SNO
Plated cells were treated with 0.5 mM SIN-1 and SNO
for 1–3 h, the culture medium replaced and cells allowed
to recover for 2 h at 32 jC in 5% CO2/air. Where
appropriate, catalase (CAT) and superoxide-dismutase
(SOD) (400 U/ml) were added to the culture medium to
scavenge H2O2 and O2
S
. Non-cytotoxic doses of the
PARP-1 inhibitor 3-ABA (1 mM) and the PARG inhibitor
GT (0.1 mM) were added to the culture medium 30 min
before treatment and cell viability was assessed by Trypan
blue dye exclusion. The amount of NO released from the
donors was determined on the basis of measuring nitrite
and nitrate concentrations in the cell culture medium
according to the method of Green et al. [32]. In this assay,
an equal volume of the Griess reagent (SIGMA) was added
to the culture medium and, after 15-min incubation, the
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Sodium nitrite was used as a standard. The data represent
means of three experiments done in duplicateF S.E.
2.4. Comet assay
Germinal cells were assayed for DNA damage using
alkaline single-cell electrophoresis (comet assay) as de-
scribed by Fairbain et al. [33]. Briefly, cells were embedded
in low-melting point agarose (0.75% in PBS) on frosted
microscope slides which were then immersed in a high-salt
lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris–
HCl, pH 10, 1% w/v sodium sarcosinate, 1% DMSO, 1%
Triton X-100) and incubated for 60 min at 4 jC. Following
lysis, slides were placed in the electrophoresis buffer (0.3
M NaOH, 1 mM EDTA) for 40 min and then electro-
phoresed at a setting of 20 V for 30 min at 4 jC. After
neutralization in 0.4 M Tris–HCl pH 7.5 containing 2 Ag/
ml acridine orange for 15 min, slides were washed and
examined for DNA damage using a Nikon Labophot-2
epifluorescence microscope fitted with an excitation filter
at 450–490 nm. All the above steps were carried out in
subdued light with screening of electrophoresis tanks to
reduce the level of background DNA damage. As reported
previously [30], the evaluation of the comet pattern was
carried out empirically by visual scoring of 100 cells by
independent observers of unknown samples. This method
has been shown to be as accurate as the image analysis
systems [33]. The length of the comet tails was taken as an
indication of the extent of DNA damage and was scored on
a scale from 0 to V as shown previously [30]. The data
represent means of at least three separate experimentsF
S.E. with analysis of variance followed by Student’s T
Tester (Java). A P value less than 0.002 was defined as
statistically significant.
2.5. TUNEL assay
The terminal deoxyribonucleotide tranferase-mediated
dUTP-X nick-end labelling (TUNEL) assay was performed
using the APO-BRDUk procedure according to the man-
ufacturer’s instructions (Pharmigen) and analysed on a
FACScan flow cytometer (Becton Dickinson, San Jose`,
CA, USA) coupled with a CICERO work station (Cytoma-
tion, Fort Collins, CO, USA). There were 10000 events
stored in the selected FL1-H versus FL3-H gating. The data
represent means of three different experimentF S.E.
2.6. Cell permeabilisation
Germinal cells were suspended at a concentration of
5 106 cells/ml in 40 mM Tris–HCl buffer, pH 8, contain-
ing 0.6 mM EDTA, 14 mM h-mercaptoethanol, 10 mM
MgCl2, 0.1% Triton X-100 and a 1:25 dilution of a cocktail
of protease inhibitors. The suspension was left on ice for 15
min. Protein concentration was determined using the Brad-ford protein assay reagent (BioRad) with bovine serum
albumin as a standard.
2.7. Poly(ADP-ribose)polymerase assay
Activity of PARP enzymes was measured according to
Ref. [31] with minor modifications. The reaction mixture
(final volume 50 Al) contained 100 mM Tris–HCl pH 8, 14
mM h-mercaptoethanol, 10 mMMgCl2, 200 AM [14C]NAD+
(10,000 cpm/nmol) and, as the enzyme source, a volume of
cellular homogenate corresponding to 50-Ag protein. After
15-min incubation at 30 jC temperature, the reaction was
stopped by the addition of ice-cold trichloroacetic acid 40%
(v/v) and the radioactivity associated with the acid-insoluble
material counted on a Beckman LS8100 liquid scintillation
spectrometer. One milliunit is defined as the amount of
enzyme activity catalysing the incorporation per minute of
1 nmol of ADPribose into acid-insoluble material. The data
are means of three experiments done in duplicateF S.E.
2.8. Western blotting analysis
Proteins in the cellular homogenate were separated by
SDS-PAGE (5–15% gradient gels) and transferred onto a
polyvinylidenefluoride (PVDF) membrane using an electro-
blotting apparatus. The membrane was blocked with 5%
nonfat milk in 20 mM Tris–HCl pH 8, 150 mM NaCl and
0.5% Tween 20 (TBST) overnight and subsequently incu-
bated with anti-PARP-1 polyclonal antibody (H-250, diluted
1:2000), or anti-PARP-2 polyclonal antibody (diluted
1:5000) in 3% nonfat milk in TBST for 2 h at room
temperature. Unbound antibody was removed by washing
3 with TBST and the membrane was incubated with goat-
anti-rabbit IgG HRP-conjugate, diluted 1:4000 in 3% nonfat
milk in TBST for 1.5 h at room temperature. The membrane
was washed 3 in TBST and enzyme activity detected
using the Luminol reagent (Santa Cruz). Control blots
omitted the first layer antibody. The intensity of the immu-
noreactive bands was quantified using the Immuno-Star
Chemioluminescent detection system (BioRad).3. Results
3.1. Determination of NO level in primary spermatocytes
and round spermatids treated with SIN-1 and SNO
The rate of NO release from the two donors SIN-1 and
SNO by primary spermatocytes and round spermatids was
estimated using the Griess reagent to determine the amount of
nitrite and nitrate in the culture medium. Fig. 1 shows that 5
min after the addition of 0.5 mMSIN-1 to the culture medium
containing primary spermatocytes, approximately 100 nmol/
ml of NO were detected increasing to reach a plateau of
f 200 nmol/ml within 15 min. NO release from 0.5 mM
SNO, on the other hand, showed a 15-min lag period, after
Fig. 1. NO levels in cultured rat germinal cells treated with SIN-1 and SNO.
Time course of NO release from 0.5 mM SIN-1 (n—n) and 0.5 mM SNO
(E- - -E) in the culture medium of primary spermatocytes. Similar results
were obtained for spermatids. Nitrite concentrations in cell-free super-
natants were determined using the Griess reagent (see Materials and
methods). Values are meansF S.E.
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f 500 nmol/ml by 60 min. Essentially similar results were
obtained with round spermatids (results not shown).Primary Spermatocytes
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Fig. 2. DNA damage induced in rat germinal cells by SIN-1 treatment. The distribu
DNA damage (I–V) was determined by the comet assay following 1 h of treatment w
3-ABA or F 400 U/ml of CAT and SOD. Values are meansF S.E.; **P < 0.002.3.2. Level of DNA damage and repair induced by SIN-1 and
SNO in cultured primary spermatocytes and round
spermatids
The level of DNA damage induced by SIN-1 and SNO in
cultured primary spermatocytes and round spermatids was
determined by comet and TUNEL assays. These methods
were also used to assess the degree of DNA repair after cells
had been left to recover for different times after treatment.
In the comet assays, the extent of DNA damage was
measured on a score from 0 to V in relation to the length of
the comet tails as described previously [30]. In control
samples, more than 80% of spermatocytes and spermatids
were found in classes 0 and I (Figs. 2 and 3), indicating
minimal or background-level DNA damage. In our experi-
ments, the percentage of cells in class III of DNA damage
was more significant (P < 0.002) and was taken as an
indicator of the switch from slightly to severely damaged
cells.
Comparable levels of DNA damage were observed in
both primary spermatocytes and spermatids after 1-h expo-
sure to 0.5 mM SIN-1. Fig. 2 shows that f 30% of
spermatocytes and f 50% of spermatids reached class III
of DNA damage under conditions when f 200 nmol/ml of
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tion of primary spermatocytes and round spermatids with different classes of
ith 0.5 mMSIN-1 and after 2 h of recovery in fresh culture medium F 1 mM
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of scavenger enzymes CAT and SOD in the medium reduced
DNA damage substantially (f 80% of cells still in class I).
This evidence showed that the DNA damage was mainly due
to the simultaneous release of NO and O2
S
from SIN-1, and
that NO by itself had little effect. To evaluate the ability of
cells treated with SIN-1 to repair their DNA after 1-h expo-
sure to 0.5 mM SIN-1, the culture medium was replaced and
cells allowed to recover for a further 2 h at 32 jC. Comet
assays revealed that neither primary spermatocytes nor round
spermatids were able to bring about significant DNA repair.
Fig. 2 shows that f 30% of spermatocytes and f 50% of
spermatids remained in class III of DNA damage.
The involvement of the poly(ADP-ribosyl)ation reaction
was investigated by examining the effects of adding the
PARP inhibitor 3-ABA (1 mM) to the medium 30 min
before treatment with SIN-1. The concentration of inhibitor
used did not show any effect on the comet patterns com-
pared to a control sample. Moreover, by activity assay we
determined that 1 mM-3-ABA inhibited PARP activity by
f 80% (results not shown). Fig. 2 shows a similar distri-
bution of cells in the six classes of DNA damage in
spermatocytes and spermatids left to recover after SIN-1
treatment in the presence or absence of 3-ABA.Fig. 3. DNA damage induced in rat germinal cells by SNO treatment. The distribu
of DNA damage (I–V) was determined by the comet assay following 3 h of treatm
mM 3-ABA or 0.1 mM GT. Values are meansF S.E.; **P < 0.002.Differences between spermatocytes and spermatids were
apparent following 3-h exposure to 0.5 mM SNO (Fig. 3).
Spermatids showed a high level of DNA damage (f 50% in
class III and f 40% in class IV) whereas spermatocytes
were more resistant (f 40% in class II and f 30% in class
III). Once again, spermatids did not respond to a 2-h recov-
ery period, instead increasing levels of damage were found
with f 70% in class IV and f 20% in class V. In contrast,
spermatocytes were able to repair their DNA substantially
(f 60% of cells in class I of DNA damage versus f 30%
in non-recovered samples).
In these experiments we also examined the effects of
adding either the PARP inhibitor 3-ABA (1 mM) and the
PARG inhibitor GT (0.1 mM) to the medium 30 min before
treatment with SNO. Once again we used a concentration of
GT that did not show any effect on the comet patterns
compared to a control sample. By activity assay, we
determined that 100 AM GT inhibited PARP activity by
f 60%, slowing-down the turnover of pADPR linked to the
automodified/inactive form of the enzyme (results not
shown). Fig. 3 shows that both PARP and PARG inhibitors
prevented DNA repair during the recovery period in sper-
matocytes treated with SNO. After 2-h recovery from SNO
treatment, f 60% of cells were in class I of DNA damage,tion of rat primary spermatocytes and round spermatids with different levels
ent with 0.5 mM SNO and after 2-h recovery in fresh culture medium F 1
Fig. 4. TUNEL assay of rat germinal cells subjected to SNO treatment. Rate
of DNA damage in spermatocytes and spermatids subjected to 3 h of
treatment with 0.5 mM SNO and left to recover for 2 h in fresh culture
medium F 1 mM 3-ABA or 0.1 mM GT. Values are meansF S.E.
S.D. Meglio et al. / Biochimica et Biophysica Acta 1692 (2004) 35–4440whereas in the presence of 3-ABA, f 45% and f 30% of
cells were still in class II and III, respectively. In the
presence of GT, f 50% and f 30% of cells were still in
classes II and III, respectively, of DNA damage.Fig. 5. Western blotting analysis of PARP-1 and PARP-2 protein levels. (A)
Electrophoretic pattern of cellular homogenates (50 Ag of proteins) from
primary spermatocytes and round spermatids after 5–18% SDS-PAGE and
Silver Staining. (B) Western blotting analysis with polyclonal antibodies to
PARP-1 (Santa Cruz H-250, diluted 1:2000) and to PARP-2 (Alexis diluted
1:5000). (C) Densitometric analysis of band intensity (expressed as
densitometric units) determined by the Immuno-Star Chemioluminescent
detection system (BioRad). (For color see online version).Using the TUNEL assay, we confirmed the differential
sensitivity of spermatocytes and spermatids to DNA damage
induced by SNO (Fig. 4). During the recovery period, the
proportion of DNA-damaged spermatocytes declined
whereas spermatids continued to increase. This assay also
confirmed that 3-ABA and GT impair the ability of sper-
matocytes to repair their DNA. The proportion of TUNEL-
positive spermatocytes increased from a basal level of
f 20% after 2-h recovery to f 45% and f 55% in the
presence of 3-ABA and GT, respectively. A small increase
was observed also for spermatids although this was less
evident due to the higher baseline (f 50%) present in SNO-
treated/recovered cells.
3.3. PARP-1 and PARP-2 levels in primary spermatocytes
and round spermatids
The level of endogenous PARP-1 and PARP-2 proteins
in rat germinal cells was then determined by Western
blotting analysis (Fig. 5). In primary spermatocytes andFig. 6. PARPs activity levels in primary spermatocytes during treatment
with SIN-1 and SNO. (A) PARPs activity (mU/mg of proteins) in untreated
spermatocytes (n- - -n) and after treatment with 0.5 mM SIN-1 (.—.) for
different lengths of time. (B) PARPs activity (mU/mg of proteins) in
untreated spermatocytes (n- - -n) and after treatment with 0.5 mM SNO
(.—.) for different lengths of time. Values are meansF S.E.
S.D. Meglio et al. / Biochimica et Biopround spermatids, both PARP-1 and PARP-2 were detected
(Fig. 5B) for comparable loading of proteins from cellular
homogenates (Fig. 5A). By densitometric scanning of the
immunoreactive bands, an intensity of 80 D.U. was deter-
mined for the PARP-1 band from spermatocytes and 28.5
D.U. for the spermatids band. An intensity of 30 D.U. was
determined for the PARP-2 band from spermatocytes and of
11.8 D.U. for the spermatids (Fig. 5C). Interestingly, the
ratio of PARP-1 to PARP-2 was similar (2.8:2.5) in the two
types of germinal cells.
3.4. PARP(s) activity in primary spermatocytes during SIN-
1 and SNO treatment
Further evidence for the involvement of the poly(ADP-
ribosyl)ation reaction in DNA repair in primary spermato-
cytes was obtained by monitoring PARP activity during
exposure to SIN-1 and SNO. The poly(ADPR)polymerase
activity assay (see Materials and methods) does not distin-
guish among PARP isoforms. Results showed a rapid
increase in PARP activity that began 2–3 min after addition
of 0.5 mM SIN-1 to the culture medium and reached a peak
at 5 min. It then declined towards control values by 15 min
(Fig. 6A). The stimulation in activity of PARP by 0.5 mM
SNO took longer to appear (60 min) but was more sustained
(120 min) before it too subsided towards control levels (Fig.
6B). In contrast, spermatids showed no significant PARP
activation following treatment with SIN-1 and SNO (results
not shown).Fig. 7. Detection of PARP-1 and its apoptotic degradation product in rat
spermatocytes after treatment with SIN-1 and SNO. (A) Western blotting
analysis of PARP-1 in spermatocytes after treatment with 0.5 mM SIN-1 for
different lengths of time. (B) Western blotting analysis of PARP-1 in
spermatocytes after treatment with 0.5 mM SNO for different lengths of
time. The positions of full-length PARP-1 (113 kDa) and its apoptotic
fragment (89 kDa) are indicated.3.5. Apoptotic degradation of PARP-1 in primary sperma-
tocytes following SIN-1 and SNO treatment
Western blot analysis of PARP-1 in spermatocytes treated
with 0.5 mM SIN-1 or SNO for increasing times revealed the
appearance of the 89-kDa apoptotic fragment of the enzyme
after 90 min of incubation (Fig. 7). Densitometric scanning
of the immunoreactive bands revealed that the 89-kDa
fragment accounted for 20–40% of total PARP-1 protein
after treatment for 90 min with 0.5 mM SIN-1: the same
percentage was determined after 300 min with 0.5 mM SNO.
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The experiments described in this paper were designed to
investigate the role of PARP and PARG enzymes in the
response by rat germinal cells to NO released from SIN-1
and SNO. The evidence indicates a dual role for the
poly(ADP-ribosylation) reaction in inducing DNA repair
or apoptosis in primary spermatocytes.
On the basis of Comet assays, we found a difference
between spermatocytes and spermatids in their capacity to
repair DNA strand breaks. Only spermatocytes were able
to bring about significant level of repair following expo-
sure to NO released from SNO, while neither cell type was
able to repair DNA damage caused by SIN-1. As shown by
the use of the scavenger enzymes CATand SOD, the action of
SIN-1 is likely attributable to the peroxynitrite derived from
the simultaneous release of NO and O2
S
. This distinguishes
its action from that observed with exogenously added H2O2
which causes reversible DNA damage in germinal cells [30].
Comet assays also showed that the presence of the
inhibitors 3-ABA and GT impaired DNA repair significant-
ly in SNO-treated spermatocytes, indicating that both PARP
and PARG enzymes are required for efficient DNA repair.
Consistent with these findings, TUNEL assays also showed
an increase in the level of DNA damage induced by SNO on
spermatocytes when the PARP and PARG inhibitors are
present during treatment.
We have previously shown that PARP-1 levels in rat
spermatocytes are up-regulated to higher levels than PARG
and other PARP-1 partners (i.e. DNA polymerase h and DNA
ligase III) [34]. Such enzymes, like other pre-meiotic gene
products, are higher in spermatocytes undergoing meiotic
division, when DNA replication and recombination events
have to be strictly controlled to preserve genomic integrity
[2]. We then extended these observations to PARP-2, the
member of PARP family enzymes required in association
with PARP-1 for base excision DNA repair [20]. By Western
blotting we found that PARP-2 is expressed in rat spermato-
cytes more than in spermatids. These findings agree with
previous work [20], which showed by in situ hybridization
analysis a weaker signal for PARP-2 transcripts in seminif-
erous tubules versus a stronger signal for PARP-1. This
would explain why PARP-1 knock-out mice are still fertile.
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utes to the enzymatic activity pattern observed for primary
spermatocytes during SIN-1 and SNO treatment. Recently,
the crystal structure of the catalytic fragment of murine
PARP-2 has been determined and appeared very similar to
the catalytic fragment of PARP-1 [35]. This provides a
framework to develop specific inhibitors of PARP isoforms
that will define the contribution of PARP-2 in the recovery
from DNA damage.
Our results also show that total PARP activity in sper-
matocytes (but not in spermatids) increases in response to
low levels of DNA damage induced by both SNO and SIN-
1. In the case of SIN-1, the response was immediate
followed by a rapid decline after 15 min, whereas with
SNO there was a significant time-lag (f 60 min) in
elevation of PARP activity that was sustained for 2–3 h.
Interestingly, activation of PARP by the two donors coin-
cides with the time-course of their NO release, beginning as
the NO concentration reaches a plateau. Thereafter, it
declines not so much in relation to the NO concentration,
but to the ability of NO to react with O2
S
to give rise to
peroxinitrite. This makes vain the sudden activation of
PARP in cells treated with SIN-1.
Longer exposures to both SIN-1 and SNO seem to commit
spermatocytes to apoptosis as shown by the proteolytic
inactivation of PARP-1. Indeed, the timing of appearance
of the 89-kDa apoptotic fragment of PARP-1 coincided with
the decline in the activity of PARP(s), and this can be
considered an evidence of a switch from a survival to a death
pathway. Distinguishing apoptosis from necrosis is still a
challenge, although several techniques are available (TUNEL
and Comet assays included). The 89-kDa proteolytic frag-
ment of PARP-1 is acknowledged as an apoptotic marker
since it is produced by the action of the effector caspase 3
[24]. Furthermore, automodified PARP-1 is cleaved even
more efficiently by the caspase 7 [36]. The involvement of the
poly(ADP-ribosyl)ation reaction in the apoptotic pathway
was recently supported by the finding that PARP-2 is a target
for caspase 8 that in turn acts as an initiator and effector
caspase [25]. DNA-damage-induced apoptosis in germinal
cells has been observed by immunohistochemical analysis,
and related to changes in the expression level of pro- and anti-
apoptotic members of the Bcl-2 family of proteins [37].
PARP-1 has been shown to have either an anti- or a pro-
apoptotic function in a variety of cells [11,14] and this
seems to be the case also in spermatocytes. Indeed, the
primary role of PARP-1 in germinal cells is related to the
signalling and repair of strand DNA breaks. It has been
shown that the poly(ADP-ribose) linked to PARP-1 recruits
XRCC1 to the sites of single-strand breaks where it asso-
ciates with DNA repair enzymes, such as DNA polymerase
h and DNA ligase III [12,38]. Moreover, PARP-2 contrib-
utes to an efficient base excision DNA repair in association
with PARP-1 and XRCC1 [20].
PARP-1 is also thought to signal DNA damage to
checkpoint proteins (e.g. p53, p21, DNA-PK, etc.) throughnoncovalent binding of polymers to their pADPR-binding
sequence [39]. Moreover, PARP-1 has been shown to
modulate gene expression by regulating the trans-activating
properties of transcription factors such as p53, AP-2, YY-1
Oct-1 [13] and NF-kB [40]. It will be of interest in future
experiments to identify the downstream effectors of the
PARP-1 and PARP-2 signalling during the recovery from
oxidative stress in spermatocytes.
PARG activity is also required for germinal cells to
recover from DNA damage induced by NO donors. This
was shown by the impairment of DNA repair in spermato-
cytes treated with the PARG inhibitor GT and by the indirect
inhibitory effect of GT on PARP activity. The role of PARG
may be mainly related to the fact that PARP-1 is inhibited
by extensive auto-poly(ADP-ribosyl)ation [11] and, hence,
the removal of pADPR by PARG would be necessary to
restore its enzymatic activity. Moreover, according to Oei
and Ziegler [41], PARG may contribute to DNA repair by
producing free pADPR which is a source of ATP for the
ligation step.
The evidence obtained with SIN-1 in germinal cells
shows that even short exposure times to low levels of
peroxynitrite can switch the cells towards apoptosis. Perox-
ynitrite is known to have widespread deleterious effects,
especially on the mitochondrial respiratory chain and other
energy producing processes [22,42]. It is not known what
determines regarding whether peroxynitrite causes necrosis
or apoptosis. It appears that, as in our case, sustained
exposure to low levels of peroxynitrite cause apoptosis,
whereas sudden exposure to high concentrations results in
cell necrosis [43].
It is known that NO is pleiotropic depending on its
concentration [5–7]. The pro-apoptotic effect of NO has
been often associated with its ability to react with O2
S
formed in the mitochondria and seems to be associated with
a sudden rise in its concentration, whereas a chronically low
turnover of NO may be beneficial [44]. Using SNO, we
observed that a low concentration of NO (0.5 mM) was able
to activate PARPs and stimulate DNA repair, but that a
sustained exposure determines the onset of apoptosis.
We conclude then that PARP-1 and PARG represent
potential checkpoint proteins for the activation of either a
survival pathway or the onset of apoptosis during oxidative
stress in spermatocytes. Further work needs to elucidate the
contribution of other members of the PARP family (e.g.
PARP-2) in the rescue of germinal cells from genotoxic
stress. Indeed, the role of PARP as guardian of genome
integrity seems to be achieved by several members of this
family of enzymes.Acknowledgements
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